Santer, Teller, and Andrews' have shown that the base ratios of the ribonucleic acid of Escherichia coli may be modified by growing this bacterium in different media. These analyses, carried out on the whole RNA of the cell with no attempt to distinguish among various classes of RNA, are supported by a number of experiments dealing with ribosomes and ribosomal-contained RNA of E. coli. In these latter experiments modification of RNA has been induced by (1) transferring cells to buffer ;2 (2) suspending cells in a medium containing only an oxidizable carbon source ;3 or(3) growing cells in a phosphate deficient medium until all the phosphate had been exhausted.4 The change in the RNA has been detected by the release of isotope,2-4 by observing differences in the ultracentrifuge patterns of the ribosome fraction of cells at various stages in their growth cycle,1 and by observing the change in ultracentrifuge patterns of cells cultured in different media.6
and 0.1 M Tris at pH 7.2. All other ingredients are in the same concentration as in the high phosphate medium.
In all growth experiments the following procedure was used: E. coli was grown in 100 ml of nutrient broth-yeast extract (NBYE) broth or glucose salts medium (NP) at 250C. After 16 hr growth, 100 ml of fresh medium (NBYIE and glucose) was added separately to the two kinds of cells and they were allowed to grow for 2 hr at 250C until there were about 5 X 108 bacteria per ml. The cells were harvested and washed twice at room temperature with sterile distilled water, resuspended in sterile water and inoculated into 40 ml of glucose-LP medium. Cell density was read in the Klett-Summerson colorimeter using the red (660) filter. The incubation flask was a 300-ml Erlenmyer, fitted with a Klett tube extension, so that the incubation mixture could be read in the colorimeter without removing aliquots. Flasks were purchased from Bellco Glass Co., Vineland, N. J. In experiments using radioactive phosphate, P32 was added separately to the Klett flask prior to the addition of cells. At the end of the incubation period the cells were harvested at 20C, washed twice with sterile, cold distilled water and frozen on the inside of a chilled mortar. About 2 gm wet weight of unlabeled cells were added to the mortar as carrier and the mixture was ground with alumina. Subsequently the ribosome and "soluble" RNA fractions were isolated.7 In experiments using p32 about 5 gg/ml DNAse was routinely added to the suspending medium. P32-containing nucleotides were prepared by alkaline hydrolysis of the purified RNA and chromatographed on paper in duplicate,' located with an ultraviolet lamp, eluted, dried, and counted. p32 as H3PO4 was purchased from Oak Ridge National Laboratory, Oak Ridge, Tenn. DNAse was purchased from Worthington Biochemical Corp., Freehold, N. J.
Results.-Base composition of NBYE-grown and glucose-grown E. coli: In the first series of experiments the base ratios of the ribosome fraction and the "soluble" RNA fractions of late log phase E. coli were determined. These data are presented in Table 1 . The data clearly show that there are no differences in the base ratio of the "soluble" RNA. The expected differences, based on the results pre- 6-Am: 6-amino nucleotides (adenylic and cytidylic acids): 6-K: 6-keto nucleotides (guanylic and uridylic acids).
A, G, C, and U stand for adenylic, guanylic, cytidylic, and uridylic acids, respectively.
R: ribosome fraction. S: "soluble" RNA fraction. Nucleotide composition of the "soluble" RNA expressed in moles per 96 moles of the four major nucleotides. Only two determinations were carried out on "soluble" RNA from glucosegrown cells.
viously gained from whole cell studies, are found in the ribosome fraction. It is interesting to note that our data for the nucleotide composition of the ribosome fraction of the NBYE-grown cells is almost identical to the ratios reported by Spahr and Tissieres8 for ribosomes derived from E. coli grown on a medium containing tryptone and yeast extract. The ribosome fraction of E. coli grown on glucose has a 6-Amino/6-Keto ratio which is 0.99 while NBYE grown cells have a ratio of 0.88. The "soluble" RNA fractions of both kinds of cells have identical 6-Am/6-K ratios and both ratios are similar to the results of Dunn, Smith, and Spahr. 9 Base composition of RNA fractions in non-growing cells: It was of interest to examine these two RNA fractions of the cell in non-growing conditions since it had been demonstrated by others that there is considerable breakdown and alteration of RNA during this period. (See review by Mandelstam. 10) In these experiments late log phase cells were suspended in phosphate buffer for at least 18 hours at refrigerator temperature. At the end of this time period, both RNA containing fractions were analyzed. The data are presented in Table 2 and should be com- pared to the data in Table 1 . It is apparent that the base ratio of the "soluble"
RNA remains unchanged. On the other hand, the base ratio of both ribosome fractions are considerably altered from the "normal" ratios obtained from late log phase cells. In each case it is the purine/pyrimidine ratio which reflects the most obvious alteration. This base composition can of course be changed again since it is obvious that these bacteria, on subculture into fresh medium, make RNA whose base ratio (during late log phase) is identical to the values reported in Table 1 . Effect of inorganic phosphate concentration cn growth of E. coli: Since we were using two different populations of cells, it was decided to examine some of the growth characteristics of glucose-grown and NBYE-grown E. coli when each is placed in fresh glucose medium. Two types of glucose-containing media were employed to study the growth characteristics: one, a low-phosphate (LP) medium (2 ,ug/ml) and the other, a medium containing the normal concentration of phosphate (NP) (10 gm/liter). The growth curves on both media are presented in Figure  1 . The lag phase of glucose-grown cells on glucose-LP medium ( Fig. 1) medium, exhibit a constant rate of growth characteristic of the log phase. On the other hand, NBYE-grown cells require some hours to enter their most rapid growth phase although on the NP medium they initiate growth more rapidly than on the LP medium. In view of this phosphate effect, several experiments were carried out to study the rate of incorporation of p32 into ribosomal-contained and "soluble" RNA to determine whether a slow growth rate could be correlated with a slow rate of RNA synthesis. At the same time we could determine the base composition of the two kinds of RNA and learn whether there are variations in the base ratio during various stages in the growth cycle.
P32 incorporation into ribosome and "soluble" RNA: Washed NBYE-grown and glucose-grown E. coli were individually inoculated into the glucose-LP medium containing p32. Cells were incubated for various time periods, harvested, mixed with unlabeled cells as carrier, and the ribosome and "soluble" RNA fractions were analyzed for their P32 content. The results of this experiment are presented in Table 3 in terms of per cent radioactivity in each of the nucleotides. This value was calculated by dividing the number of counts in one nucleotide by the total number of counts in all four nucleotides. It is apparent that there is a marked change in the ratio of the ribosome fraction when one compares early log phase and late log phase cells. On the other hand the isotope content of the nucleotides of the as much RNA in the ribosome fraction as in the "soluble" fraction in log phase E. coli. At 3 hr, for example, there is about 8 times as much p32 in ribosomal RNA as in "soluble" RNA. On the other hand, the ratio of isotope (ribosomal RNA/ "soluble" RNA) in NBYE-grown cells rises more slowly and after 6 hr has not yet reached the maximum which is eventually achieved sometime between the 6th and 22nd hr of growth. In spite of the slow incorporation of isotope by NBYEgrown cells, they are producing ribonucleic acid with an over-all base composition similar to the composition of glucose-grown cells (Table 3 , at 1 hr). It might be suggested that the slow increase in p32 ratio (ribosome P32/"soluble" P32) in NBYEgrown cells reflects a more rapid synthesis of "soluble" RNA in these cells compared to glucose-grown cells. This is not the case as may be noted from Figure 3 . We have plotted the relative increase of isotope in both RNA fractions between 1 and 3 hr growth. In NBYE-grown cells the number of counts in "soluble" RNA doubles approximately during that time period while ribosomal RNA has increased about 4 times. In glucose-grown cells "soluble" RNA has gained 13 times more p32 between 1 and 3 hr; however, ribosomal RNA picks up 30 times the amount of p32 assimilated at 1 hr. Discussion.-A number of experiments have demonstrated that environmental factors influence the concentration of RNA in E. coli. This bacterium contains a large fraction of its RNA in ribonucleoprotein particles (ribosomes) which, in log phase cells, may constitute about 40 per cent of the dry weight of the cell (Tissieres et al.7). In the stationary phase the concentration of ribosomes decreases to onefourth the log phase concentration. It is also possible to affect bacterial RNA concentration by altering growth conditions. For example, if Salmonella typhimurium is put into a broth medium, from a glucose salts medium, there occurs, PROC. N. A. S. following the transfer, a rapid synthesis of ribosomal materials, apparently independent of generalized protein synthesis, to a level which is required for growth in the new environment. A similar situation holds for E. coli and Aerobacter aerogenes (Maaloet1). Breakdown of RNA may be induced by placing bacteria in a medium where they cannot grow; if cells are maintained in the log phase, however, there seems to be no turnover of RNA. 12, 13 The experiments reported here reveal a number of additional facts about the properties of RNA in growing and non-growing E. coli. The base ratio of ribosomal RNA produced during the early part of the growth cycle is very different from the base ratio of ribosomal RNA made at the end of the log phase. During the early log phase, ribosomal RNA is synthesized from essentially equimolar quantities of all four bases. It is interesting to note that the DNA of E. coli contains four bases in essentially equimolar amounts (Sueokal4). These results, indicating the presence of a "new" type of RNA detectable in early log phase cells are similar to the data of Astrachan and Volkin15 and Nomura, Hall, and Spiegelman'6 for T2-infected E. coli where the RNA made during the early stages of infection has a base ratio very similar to the DNA of the infecting phase. However, in the experiments reported here, the production of this "new" RNA is not triggered by the introduction of new DNA into the cell but is produced without genetic change. This finding demonstrates that E. coli can produce an RNA similar in composition to its DNA. Hitherto the complete non-equivalence between the total RNA and DNA base ratios of E. coli had led to an apparent dilemma. If DNA is specifying the production of RNA there should be some correlation between their respective ratios. The results reported here still do not resolve this problem since there remains to be explained completely the non-complementary nature of the re-mainder of the RNA of the cell.'4' 17-19 The appearance of a "new" RNA and the changing characteristics of labeling in the RNA of the ribosome fraction during growth suggest that at various times in the growth cycle different cell characteristics manifest themselves which can be the result of altered RNA synthesis and consequently altered protein synthesis. The persistence of this "new" RNA for some hours during the early stages of growth indicates that the cell is primarily producing this material since it would be expected, if there were an equivalent synthesis of RNA of a kind found in ribosomes in late log phase cells, that early log phase cells would show an altered ratio before 3 hr of growth had elapsed (Table   3 ). During the late log phase the ribosomal-contained RNA now assumes the base composition which was expected from the evidence presented in Table 1 . Thus some time between the 6th and 22nd hour of growth the cells began to make RNA of a different base composition.
The base composition of the ribosome fraction of glucose-grown and NBYE-grown E. coli (late log phase) are different. The most reasonable assumption, following the analysis by Maaloe,11 is that the complex nature of the NBYE medium provides a variety of "repressor" substances which, it must be argued on the basis of the experiments reported here, control the synthesis of the RNA ribosomal material itself or RNA which becomes attached to ribosomes. Since it is not clear which RNA has been modified, it would be well to reserve judgment on the obviously relevant question of whether a cell is producing all the ribosomes it is genetically capable of producing at all times and at all stages in the growth cycle. If it proves to be true that all ribosomes are always produced, perhaps with only a quantitative variation, then altered RNA synthesis reported here reflects either this variation or simply the production of nucleic acid which can remain in contact with ribosomes and whose function may be restricted to a role of a controlling element or, more specifically, an information carrier for protein synthesis (Brenner, Jacob, and Meselson20). These elements, if present, are there in sufficient number to alter the total base ratio of the ribosome fraction.
The obvious inability of NBYE-grown cells to initiate growth on the low-phosphate-salts medium points to the need for nucleic-acid synthesis in order that growth may occur. This initial reduced ability to make RNA indicates the persistence of a controlling mechanism in NBYE-grown cells which, however, can be overcome more rapidly in a high-phosphate medium. It should be pointed out that the delayed growth of NBYE cells is not due to their inability to oxidize glucose; they oxidize glucose in resting cell suspensions, at the same rate as glucose-grown cells. Therefore NBYE cells can carry out an oxidative metabolism. They are, however, unable to synthesize rapidly ribosomal-contained RNA or ribosomes themselves. The increased rate of RNA synthesis parallels the increased rate of growth. When E. coli cells are allowed to remain in buffer for some time, the ribosomal fraction breaks down in such a way that there is a marked change in the base composition (Table 2) . Several explanations may be advanced for this phenomenon, but one in particular seems most attractive. It assumes that the ribosome fraction of E. coli is a heterogeneous collection of particles with varying base compositions. If there were some selectivity in the breakdown of ribosomes under the conditions employed here, then a ribosome fraction with an altered base ratio would be recovered. It has been shown that an RNAse exists in the ribosomes of E. coli.21
The activity of this enzyme might be a contributing factor in altering the base composition.
Under the conditions employed in these experiments the base composition of "soluble" RNA remains essentially constant. If there is some degradation of "soluble" RNA in. non-proliferating cells it would appear that all molecules are equally susceptible and consequently no change is induced in the total base composition.
Summary.-The base composition of the RNA of ribosomes of E. coli varies during the normal growth cycle. During the lag and early log phase the nucleotide composition of ribosomes resembles the base composition of the DNA of E. coli. In late log-phase cells the base composition of ribosomes changes and may be further modified by allowing cells to remain in buffer (non-growing state) for many hours. The growth medium also induces changes in the base composition of ribosomes since nutrient broth-yeast extract (NBYE)-grown and glucose-grown E. coli differ in the base composition of their respective ribosome fractions. Upon transfer of cells from the NBYE medium to the glucose medium RNA synthesis is retarded and growth in the new environment parallels the increase in rate of RNA synthesis. The "soluble" RNA appears to have a constant base composition under all the conditions employed in this study. 
